Archerfish forage by shooting jets of water at insects above the water's surface. The challenge of detecting small prey items against a complex background suggests that they have good visual acuity, but to date this has never been tested, despite archerfish becoming an increasingly important model species for vertebrate vision. We used a modified Landolt C test to measure visual acuity behaviourally, and compared the results to their predicted minimum separable angle based on both photoreceptor and ganglion cell spacing in the retina. Both measures yielded similar estimates of visual acuity; between 3.23 and 3.57 cycles per degree (0.155-0.140°of visual arc). Such a close match between behavioural and anatomical estimates of visual acuity in fishes is unusual and may be due to our use of an ecologically relevant task that measured the resolving power of the part of the retina that has the highest photoreceptor density and that is used in aligning their spitting angle with potential targets.
Introduction
Vision is a trade-off between many neural processes including sensitivity, hue discrimination, motion detection, and acuity. The two dimensional array of photoreceptors within the retina must process information from a three dimensional world that is rapidly changing and varies in light intensity, hue, saturation, and in some cases polarization. To deal with different visual tasks in different parts of the visual field one common adaptation among vertebrates is the differential distribution of photoreceptor types in specific retinal regions e.g. the lack of rods and blue cones within the human fovea, which sacrifices low light vision and full colour vision for high acuity in a very small portion of the visual field (Crawford, 1977; de Monasterio et al., 1985; Osterberg, 1935) . For a species like the archerfish, which hunts at the interface between the aquatic and terrestrial worlds (Schlosser, 1764) , such variations across the retina have been found to be dramatic, with different spectral sensitivities in aquatic and aerial fields of view. Archerfish are dichromatic, with a spectral sensitivity shifted to longer wavelengths, in the dorsal retina that looks down into the water column and trichromatic, with three cone sensitivities not too dissimilar from our own, in the ventro-temporal retina that is used to spot prey in the aerial world (Temple et al., 2010) . Archerfish also possess their highest photoreceptor density in the ventro-temporal retina. This is the region of the retina that they use when aiming at insects on overhanging vegetation (Temple et al., 2010) , which they knock down to the water's surface with accurately directed jets of water (Bekoff & Dorr, 1976; Herald, 1956; Simon et al., 2011; Temple, 2007; Timmermans, 2000 Timmermans, , 2001 .
The unusual foraging behaviour of archerfish makes them a useful model for testing various aspects of vertebrate visual physiology (Ben-Simon, Ben-Shahar, & Segev, 2009; Goldstein & Hall, 1990; Kretschmer, Ahlers, & Ammermuller, 2010; Mokeichev, Segev, & Ben-Shahar, 2010; Pollirer et al., 2007; Schlegel & Schuster, 2008 , reviewed in Schuster, 2007 , 2010 Segev et al., 2007; Simon et al., 2011; Temple et al., 2010; Tsvilling et al., 2012; Vasserman et al., 2010; Waxman & McCleave, 1978) , since they can be easily trained to select and spit at inanimate targets (Mokeichev, Segev, & Ben-Shahar, 2010; Schlegel, Schmid, & Schuster, 2006) . Taking advantage of this, we devised a modified Landolt C test to measure the minimum separable angle that archerfish could distinguish behaviourally (bMSA) and compared that to the minimum separable angle that they would be predicted to resolve based on their retinal anatomy (aMSA), specifically the density and spacing of their photoreceptor (input) and ganglion (output) cells. Because archerfish spend most of their time near the surface hunting for aerial prey, and thus looking through a relatively transparent media (air), we predict that they may have high bMSA in comparison to other freshwater fishes (e.g. zebrafish, Danio rerio = 0.58 cycles per degree (c deg
À1
) (Tappeiner et al., 2012) ; cichlid, Asprotilapia (Dobberfuhl, Ullmann, & Shumway, 2005) ; sunfish, Lepomis macrochirus = 5.5 c deg À1 (Northmore, Oh, & Celenza, 2007) ) since visibility in fresh water is typically less than a couple of metres.
Materials and methods

Animals and husbandry
Ten largescale archerfish (Toxotes chatareus Hamilton, 1822) were purchased from a local fish supplier (wild caught in Australia). Fish were kept individually in 50 l aquaria connected to a freshwater recirculating system held at 25 ± 2°C. Black panels were placed between each tank such that the fish could not see their neighbours. The front of each tank was left uncovered (except during testing) to monitor fish feeding health and behaviour between sessions. Fish were initially fed crickets during the early phases of training; then weaned onto small pellets (Cichlid Gold, mini pellet, Hikari, Kyorin Co. Ltd., Japan) once they had become familiar with spitting at artificial targets for a food reward. Archerfish were individually hand fed to satiation to allow them to become accustomed to human presence during feeding. All procedures were approved by The University of Queensland, Animal Ethics Committee (AEC# SBMS/541/08).
Anatomical measure of spatial resolving power: retinal topography
Five fish were purchased and kept together in a large 200 l aquarium until sacrifice by an overdose of euganol (100 mg l
À1
).
Retinal wholemount procedures followed those in (Ullmann et al., 2011) . Eyes were enucleated and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 1.5 h. Retinas were dissected free of the scleral eyecup and as much of the retinal pigment epithelium (RPE) was removed as possible without damaging the underlying photoreceptor layer. It was not possible to remove all the RPE from an area in the ventral hemisphere (area of high cone density, see Section 3). To enable counting in this area, the RPE was cleared by bleaching in 3% hydrogen peroxide in 0.1 M phosphate buffer (pH adjusted to 11.95) until clear (time depends on retinal size). A small number of slits were cut in the periphery to flatten the retina. For photoreceptor counts, retinas were mounted photoreceptor side uppermost. A plastic spacer with a hole large enough for the flattened retina and of approximately 150 lm in thickness was positioned between slide and coverslip to help maintain photoreceptor integrity, orientation and spacing. Retinas were mounted and cleared in 50% glycerol and 50% phosphate buffer. Spacer and coverslip were sealed to the slide with nail polish to prevent desiccation. Direct comparisons of the density of cell populations in the photoreceptor and ganglion cell layers were possible in the same eyes by removing the coverslip and flipping the retinal wholemounts over so that the ganglion cell layer was uppermost (as described in Litherland & Collin, 2008) . Following staining with cresyl violet (0.05%), all neurons in the ganglion cell layer were visualized (as per Oliveira et al., 2006) .
Photoreceptor and ganglion cell counts were performed on a Zeiss Axioplan II compound microscope fitted with an x-y-z electronic stage (BioPrecision, LUDL Electronic Products Inc., New York, USA). Random sampling of the retina was managed by Stereo Investigator 6 (MicroBrightField Inc., Vermont, USA) software, which also controlled stage movement. Counts were made at 0.5 mm intervals with a 75 lm 2 counting frame, providing approximately 200 sample locations across the retina. A second series of counts were made at 0.25 mm intervals in the ventral region of the retina to delineate rapid changes in cell density. Double/twin cones were counted as single units as is typical for estimates of acuity in fishes (e.g. Browman et al., 1990; Haug et al., 2010) . Patterns of cytoplasmic staining were used to differentiate ganglion and amacrine cells from glial cells. Ganglion and amacrine cells were not differentiated and therefore counted together (as per Oliveira et al., 2006) . Therefore, these results represent upper limits of the spatial resolving power.
Topographic maps of cone photoreceptor and all neurons within the ganglion cell layer were created by drawing iso-density contour lines between areas with similar densities as described previously (Collin & Pettigrew, 1988) . We adhere to the definition of spatial resolving power as the angle of visual arc subtended by the space between the centres of two adjacent cone photoreceptors or two ganglion cells, whichever is least densely packed and thus sets the limit to the minimum separable angle. Spatial resolving power was estimated using the equations provided in Collin and Pettigrew (1989) and reviewed in Ullmann et al. (2011) and simplified as:
where B is the cell density in the area of the retinal for which resolution is being calculated (e.g. area centralis) and 2.55 is Matthiessen's ratio, which states that the distance from the centre of the lens to the retina is 2.55 times the radius of the lens (r).
To determine the location of the target image on the retina, we aligned an overlay of the retinal topography map with the orientation of the banding pattern on the iris. This was done by photographing the orientation of the eye in the head and then removing the cornea, iris and lens and aligning the photograph of the exposed falciform process (embryonic fissure) within the fundus to the outline of the falciform process on the retinal topography map. Since archerfish rotate their eyes in their orbits when aligning their bodies to spit at a target, we compared photographs of the banding pattern of the iris in the eyes of the fish when they were swimming horizontally and in fish just prior to them spitting to measure the angle of eye rotation (as per Lüling, 1958) . The retinal topography map was then rotated accordingly and the location of the target image was projected onto the map, taking into account refraction at the air-water interface due to differences in refractive index (Temple, 2007) by applying Snell's law.
Behavioural measure of visual acuity: modified Landolt C test
Fish were initially trained to spit at crickets through holes in a white panel placed 150 mm above the aquaria. They were rewarded with crickets and then once proficient at this task were gradually weaned onto pellets as a food reward. After 2 weeks, white laminated cards displaying large black letters (either an 'O' or a 'C' i.e. Landolt C, see test described below) were substituted for crickets in the holes in the white panel. After 15-20 training sessions the testing device (described below) was introduced, and spit choice recorded to determine choice accuracy. A total of ten fish were trained to spit at one of two targets, an 'O' or a 'C' (Fig. 1A ) with a gap that was 1.44 c deg À1 (0.36°of visual angle; details of Landolt C below). Five fish were trained to an 'O' and five to a 'C'. During the training period, four fish were excluded due to their inability to perform above a threshold of 70%; and one fish (trained to an 'O') was excluded due to a deformed jaw, which caused its spit to be directed up and to the right of the target making it difficult to determine the fish's target choice. This fish appeared unable to correct for this deformity even after weeks of training. Five fish moved onto the testing phase; one fish trained to spit at 'O', and four fish trained to spit at 'C'. The difference in the number of fish that were able to be trained to the 'O' and the 'C' is not due to an inherent difficulty with learning the 'O' since the task is to differentiate the two targets regardless of which is rewarded, rather the difference is most likely a result of chance and a relatively small sample size.
We chose a modified Landolt C test to estimate visual acuity in archerfish because studies have shown that they are adept at spitting at discrete inanimate objects (Dill, 1977; Goldstein & Hall, 1990; Herald, 1956; Lüling, 1963; Waxman & McCleave, 1978) . In the classic Landolt C test performed with human subjects, the letter 'C' is rotated and the subject is asked to determine in which direction the gap in the letter C is pointing. We modified the Landolt C test for archerfish. Fish were required to differentiate between an 'O' and a 'C' of the same dimensions and with the gap in the 'C' being 1/5 the size of the 'C' and the same width as the stroke (as per original Landolt C; Fig. 1A ). Letter sizes were progressively reduced in size through the following range 1.06, 1.44, 1.75, 2.22, 2.84, 3.30, 4.30 c deg À1 (0.47°, 0.35°, 0.28°, 0.22°, 0.17°, 0.15°, 0.11°respectively). Visual acuity threshold was defined as the point at which fish no longer were able to reliably detect the difference between the 'O' and 'C' due to the gap size reaching the limit of the eye's spatial resolving power. The gap was measured as the angle subtended at the eye of the fish, taking into account the effect of refraction at the air-water interface, and was converted to cycles per degree (c deg
À1
) by taking the reciprocal of the angle and dividing by two.
A limitation of our modified Landolt C test is that the ''missing'' part of the circle in the 'C' creates a difference in overall luminance between the two letters. To ensure that fish were not using luminance as a cue for target choice, grey scale targets were produced at a size of 2.22 c deg À1 , a size that all fish could accurately distinguish. The new grey 'O''s had a higher luminance (printed at 50% and 75% greyscale) than the black 'C''s such that fish could not use luminance as a cue in order to make their choices. After normal black 'O' vs. black Landolt C testing, all fish were tested with a black 'C' against the variable grey 'O''s.
Fish were trained and tested in their home aquaria by moving our testing apparatus (Fig. 1B, C , E, G and Supplemental movie) from one tank to another, thereby reducing disturbance to the fish and potentially improving their performance. During training and testing, the front face of each aquarium was masked with a black panel (Fig. 1D ) to prevent fish from observing the experimenter or the movements of the stimulus delivery device. Adjacent tanks were also masked to prevent observational learning from neighbours as previously reported in archerfish ). Fish were not visible to the researcher during the experiments; target choice (spit hitting the target) was viewed via reflection from a mirror (Fig. 1G ) positioned behind the testing panel (Fig. 1E) . The testing apparatus consisted of a white panel (Fig. 1E) , with two windows (40 mm in diameter and 100 mm apart) positioned over the tank at an angle of 16°( Fig. 1) orthogonal to the preferred spitting angle of 74°for archerfish (Timmermans, 2001 ). The perpendicular angle of the target panel relative to the predominant direction of spitting meant that the area of the retina used for aligning the spit would see the targets as a flat surface. Secondarily, the incline also meant that water was removed from the target windows by gravity, keeping them clear and distortion free. Targets were presented behind thin glass windows (No. 1 glass coverslips to reduce distortion), and were shifted into position behind a blank white shutter using levers (Fig. 1C) so the fish could not see shifts in target position prior to each presentation. The shutter was always opened from the same direction to avoid direction of shutter movement functioning as a cue for target choice (see Supplemental movie). Targets were illuminated with diffuse full spectrum light (250 lx) delivered by fluorescent lights (cool white F36T8, Crompton Lighting, Sydney, Australia) positioned above the tank on the wall opposite the target display panel, such that they directly illuminated the targets (Fig. 1F) . The light intensity was chosen to approximate the light intensity measured on the bottom side of living mangrove leaves (Rhizophora spp.) at heights of 10-100 cm above the water under direct sunlight. Measurements were made under natural conditions and in the lab with a handheld light meter (LX-107HA, Lutron Electronic Enterprise Co., Ltd., Taipei, Taiwan).
Fish were given 20 presentations of a particular stimulus size in each session. For each of these presentations the position of the 'C' and 'O' were pseudo-randomized by rolling a die; however, to avoid instilling a behavioural bias in fish, a stimulus was never shown on the same side more than three times in a row. For each presentation, which began when the shutter opened, fish were allowed to spit at the targets a maximum of five times before the shutter was closed again. Three consecutive spits or a combination of spits and jumps, at the correct target was counted as one correct choice and was rewarded with a single pellet projected onto the water's surface by an air tube delivery system positioned out of view of the fish (to avoid fish spitting at the delivery system instead of the targets as reported elsewhere (Waxman & McCleave, 1978) ). Fish were required to get three out of five correct rather than being rewarded after each correct choice because some fish would spit multiple shots in rapid succession and rapidly change between both targets in order to hedge their bets. And because the food reward took a about a second or two before it arrived on the surface of the water (see Supplemental movie) we did not want the fish to be rewarded for having spit most recently at the incorrect target. Fish quickly learned that they were required to spit three times before getting their reward. In addition, at the beginning of each trial some fish were eager and would spit at the first target they saw, apparently without even comparing it to the alternate choice, but by requiring them to make three correct spits it gave them a chance to look at both targets. After a bout of spitting, the shutter was closed to obscure the targets while their positions were changed. Following correct choices, the shutter was then reopened within 5 s to keep fish motivated when performing well. Incorrect choices were not rewarded, but were followed by a 10 s rest period (penalty). Every choice the fish made was recorded using keystrokes on a laptop and the data was collected using behavioural software (JWatcher version 0.9, downloaded from http://galliform.psy.mq.edu.au/jwatcher). Once a fish achieved a threshold of at least 70% correct with a target with a gap of 1.44 c deg À1 (0.35°), testing began. Target size was progressively reduced each test session if fish accuracy was over 70%, however, if performance was less than 70%, the target size was increased one size to ensure motivation for the task remained high, then progressively reduced if the 70% threshold was resumed. Each fish was presented every target size at least 100 times (5 sessions of 20 presentations). At small target sizes, as the acuity threshold was approached, the target's size was varied up and down based on their performance in successive presentations and all fish were exposed to the smallest target size at least 100 times, such that during the last few days of testing the order of presentation of different target sizes was pseudorandomized.
Statistical analysis
Each test session for each target size was treated as an independent set of 20 presentations. The mean percentage correct choices per target size were based on five test sessions. As target choice was a binary response variable (correct or incorrect) and the data collected followed a binomial distribution, the significance values for percentage correct were determined using the Binomial probability formula:
Pðx successes in n presentationsÞ ¼ n x p x ð1 À pÞ ðnÀxÞ ;
where n is the number of presentations at each size per session, x is the number of successes for that size, p is the probability of success in a presentation, 1 À p the probability of failure and n À x the number of failures. As the resulting significance values were based on a minimum of 20 presentations at each size per test session, data was excluded for a particular session if the fish did not perform at least 20 presentations. The percentage accuracy for each target size per test session was treated as an independent data point in order to derive a conservative estimate of visual acuity. Statistical analysis was performed using R (http://www.r-project.org) and SPSS (Version 10.0.5).
Results
Anatomical measure of spatial resolving power
Archerfish, like nearly all teleosts, have a regular cone photoreceptor mosaic in the retina, which in the archerfish contains a repeating pattern of three cells. The regular repetition of one single cone and two double cones oriented orthogonally to one another creates a pattern referred to as a square cone mosaic (Fig. 2) . The single cone contains predominantly the short wavelength opsin, while the double cone members contain either the middle and long wavelength opsins in each outer segment member or both members contain the long wavelength opsin in which case they are referred to as twin cones (Temple et al., 2010) . Average maximum cone photoreceptor density, where double cones and single cones were combined (double cones were counted as single units not as two cones), was 51,300 cells/ mm 2 , and formed an area centralis located in the ventro-temporal retina. This area of the retina is where potential aerial targets are imaged, as was determined by aligning the retinal topography map with the banding pattern of the eye (see Section 2 and Fig. 3 ) and taking into account the $ 30°rotation of the eye during body alignment for spitting. There were two additional areas of high cone photoreceptor density (>40,000 cells/mm 2 ) in the ventral retina. One positioned in the temporal periphery that aligns with tip of the nose/mouth, and the other in the ventronasal periphery that provides higher acuity in the aerial field just behind the animal. Throughout the rest of the retina the average cone photoreceptor density ranged from 5700 to 31,000 cells/ mm 2 . The average density in the dorsal retina was approximately 16,000 cells/mm 2 , and in the ventral retina was approximately 22,500 cells/mm 2 (Fig. 4) .
The density patterns of cell profiles within the ganglion cell layer (ganglion and amacrine cells combined) across the retina were similar to that of cones, with a maximum density in the ventro-temporal retina of 50,000 cells/mm 2 providing a nearly 1:1 convergence ratio between cones and ganglion cells (Fig. 4) . Throughout the rest of the retina, the ganglion cell density ranged from an average of 5000 cells/mm 2 , with slight increases towards the periphery, in the dorsal retina to an average density in the ventral retina of over 20,000 cells/mm 2 (Fig. 4) . Average spatial resolving power, calculated from cone cell densities in different parts of the retina, was highest at 3.57 c deg À1 equal to an angle of 0.140°f or the upward and forward field of view (mediated by the ventro-temporal area centralis) and lowest at 1.1 c deg À1 (0.455°) for the downward field of view (Table 1) .
Behavioural measure of visual acuity
Visual acuity for T. chatareus was tested using Landolt C targets with gap sizes ranging between 1.06 c deg À1 (0.467°) and (0.116°) all fish performed the task with a mean accuracy no better than random chance, indicating that the fish could no longer distinguish the correct target from the distractor.
The data were best fit by a classic psychometric function (logistic curve) with the equation:
where A = 0.5, B = 0.91, C = 3.2, and D = À0.5. The maximum visual acuity, defined as the smallest resolvable gap size that results in a choice frequency statistically different from chance (70% correct, P < 0.05), was 3.23 c deg À1 (0.155°; Fig. 5 ). There was variation in the visual acuity among the five fish tested. Fish 1, 2 and 3 were able to resolve 2.84 c deg À1 (0.176°), while fish 7 and 9 were able to resolve 3.30 c deg À1 (0.151°). When fish were presented with a choice of target and distractor for which luminance differences were unreliable ('O' was presented in randomly selected shades of grey), all fish still correctly chose their trained target with a choice frequency (>80%) significantly better than chance (P < 0.01).
Discussion
Largescale archerfish (T. chatareus) were found to have a visual acuity of 3.23 c deg À1 (bMSA = 0.155°), based on the results of a forced choice behavioural experiment using a modified Landolt C test, where the fish were asked to choose between a 'C' and an 'O'. The results of the behavioural test closely matched the estimate of spatial resolving power of 3.57 cycles per degree (aMSA = 0.140°) based on photoreceptor and ganglion cells spacing in the ventro-temporal area centralis, which is the area of the retina aligned with the image of potential targets at which the fish spits.
The close match between anatomical and behavioural estimates of acuity is unusual for studies of fish vision. In most species where both anatomical and behavioural estimates have been compared, aMSA typically indicates higher spatial resolution than bMSA (Brokovich et al., 2010; Browman et al., 1990; Carvalho, Noltie, & Tillitt, 2004; Haug et al., 2010; Pankhurst, Pankhurst, & Montgomery, 1993) , except in humans, where we can match or exceed the acuity predicted based on photoreceptor spacing (Nyquist frequency) as a result of aliasing (Williams & Coletta, 1987) . One of the reasons for the disparity between aMSA and bMSA in studies of fish vision may be the common use of optomotor/optokinetic paradigms to estimate bMSA. These tests rely on rheotropism (the ability to maintain a stationary position in a moving water body) (Lyon, 1905) and are mediated by large field detection of movement across the retina. Optomotor/optokinetic tests of bMSA thus provide some measure of average retinal acuity, but not necessarily an estimate of the best case scenario that may only be mediated by a small portion of the retina, as in the case for an area centralis or fovea. Expecting these tests to give an estimate of the maximum acuity for a fish would be the equivalent of trying to read a Snellen eye chart or a book with your peripheral vision. In our study, we attempted to test the maximum acuity in archerfish by asking them an ecologically relevant question, i.e. how fine a detail they could resolve with the part of the eye that they actually use for distinguishing details and targeting prey, the area centralis in the ventro-temporal region of the retina. The resulting high estimate of behavioural visual acuity shows the advantage of using a modified Landolt 'C' test for archerfish, however, there are some caveats of this test that should be considered.
The difference between the 'C' and 'O' does not stop at the gap; differences in brightness and the amplitude of their Fourier components can theoretically be used to differentiate the symbols with lower visual acuity. Although the main difference between 'C' and 'O' is the gap, the missing portion of the circle necessarily increases the overall luminosity of the 'C' relative to the 'O', and thus the fish could potentially use the difference in luminosity to differentiate targets even if they could not resolve the gap itself. In a normal Landolt C test this is not an issue because it is the orientation of the 'C' that is varied. Changing the orientation was not suitable in our experimental design because fish were free to swim around and thus change their orientation relative to the target. However, by testing our fish with a set of 'C''s and 'O''s, where the 'O' was of various shades of grey rather than just black, the fish demonstrated that they were not using luminosity as a cue by correctly spitting at the trained target with a mean frequency of over 80%. Another possible confound is the ability to differentiate a 'C' from an 'O' by differences in their Fourier spectra (Bondarko & Danilova, 1997) . When humans are tested with a Landolt C test, where they are asked to identify the orientation of the C, they can, after several presentations, detect the orientation of 'C''s that have a gap that is half the size of their bMSA when tested with a sinusoidal grating (Bondarko & Danilova, 1997) . It is possible, therefore, that our estimate of visual acuity is double the theoretical spatial resolving power of the retina, however, the excellent match to the anatomical estimates suggests otherwise, but we cannot exclude this possibility. Future measurements should perhaps be made using sinusoidal gratings, although they were not used here as the training to such abstract patterns was thought to be too dissimilar from the discrete targets that archerfish naturally spit at. With the presumption that the behavioural estimate of visual acuity in archerfish is accurate, then archerfish have exceptionally high visual acuity for a freshwater fish. To date the highest acuity reported in freshwater fishes are a cichlid, A. leptura = 2.67 c deg À1 (Dobberfuhl, Ullmann, & Shumway, 2005) and the bluegill sunfish, L. macrochirus = 5.5 c deg À1 (Northmore, Oh, & Celenza, 2007) . In general, aquatic animals are predicted to have lower visual acuity because attenuation and scatter of light underwater degrade image quality rapidly with distance. In the clearest of waters, fine details will rarely be visible beyond 100 m and in most coastal marine environments, where the majority of sea life is found visibility beyond 25 m is rare. However, in freshwater the amount of dissolved organic matter is higher and visibility greater than 10 m is exceptional, and less than 1 m is common. Compared to terrestrial/aerial environments, where details of distant features like mountains can be seen at tens to even hundreds of kilometres, the aquatic world is visually restricted. But it is unlikely that terrestrial visual systems are adapted to detect such distant details, since, apart from navigation, it is not clear what survival value the ability to detect distant details would provide. The visual tasks that drive the evolution of visual acuity are the detection of relevant targets (predators, food and mates) over relevant distances (on the order of tens to hundreds of metres on land, and centimetres to metres underwater). In the case of archerfish that inhabit murky coastal and inland waters, visual acuity can afford to be fairly poor in the dorsal retina, which receives information from below the water. However, the ventral retina mediates upward directed vision receiving information from above the water, where clarity is vital for the identification of prey items and the calculation of how far to spit (2-3 m for large adults) as well as discriminating potential predators (such as birds) at distances that pose a threat (10-20 m would probably give the fish enough time to dive to safety). Different requirements for spatial resolving power in different parts of the eye are not unique to the archerfish. In fact, most vertebrates show marked variations not only in photoreceptor and ganglion cell density across the eye, but also in photoreceptor class, opsin expression, chromophore usage, oil droplet colouration, tapetal spectral reflection, and corneal spectral filtering (reviewed in Temple, 2011) . These intraretinal differences result in intraretinal variation in spectral sensitivity, and provide evidence for the demands of complex visual tasks within different parts of the visual field (reviewed in Temple, 2011) . Archerfish have been shown to possess different visual pigments in three regions of the eye (Temple et al., 2010) . In the dorsal retina, the archerfish has two cone receptor classes; one that is spectrally matched and one that is spectrally offset from the upwelling light, an arrangement that optimizes detection of bright and dark targets approaching from below. In the ventro-nasal retina, archerfish also have only two cone classes and these are spectrally tuned so that one is matched to the downwelling skylight and the other is offset. However, in the ventro-temporal retina, archerfish have three cone classes with different spectral sensitivities giving them the potential for trichromatic colour vision, which is not unlike that found in humans (Temple et al., 2010) . Trichromatic colour vision would provide archerfish with the ability to discriminate insect prey from the background foliage; however, it comes at a potential cost of compromising visual acuity, just as the increased cell density that improves acuity comes at the cost of overall sensitivity. Thus like all visual systems, archerfish vision is a compromise between the best solutions to the various challenges presented by their visual surroundings and visual tasks. However, for archerfish, it is two very different visual worlds that must be adapted to, and their visual acuity and their spectral sensitivity in the two halves of their retinas reflects these differences. 
Target size (cycles
